r Unilateral vestibular injury impairs our ability to detect motion. However, before this study the neural mechanisms underlying this impairment had not yet been established.
Introduction
The vestibular system is essential for encoding head movement-related information required for our perception of self-motion, as well as for the generation of reflexes to ensure for ensuring postural and gaze stability. Normal subjects can discriminate the direction (i.e. leftward or rightward) of horizontal rotational movements as slow as 1 or 2 deg s -1 (Seemungal et al. 2004; Grabherr et al. 2008; Mallery et al. 2010) . In contrast, patients with complete loss of vestibular function exhibit significantly increased direction-discrimination thresholds (e.g. 5-15 times higher; Valko et al. 2012) . Thus, vestibular sensory information makes a vital contribution to the perception of self-motion.
Early vestibular pathways can show remarkable plasticity in response to the effects of ageing, disease and peripheral trauma. Previous studies have largely focused on compensation in the pathways that mediate the vestibulo-ocular reflex (VOR) after unilateral vestibular loss. Notably, there is a strong relationship between the recovery of motor performance after lesion and the recovery of vestibular sensitivity in single neurons constituting the first central stage of processing (anaesthetized preparations: reviewed by Straka et al. 2005 ; alert rhesus monkeys: Sadeghi et al. 2010) . Compensation is also characterized by sensory substitution with other self-motion inputs (i.e. proprioceptive and motor related) at the level of these same central vestibular neurons (Sadeghi et al. 2010) . A recent study similarly demonstrated dynamic reweighting of vestibular and extravestibular inputs within vestibulospinal pathways (Sadeghi et al. 2011 ) that likewise parallels behavioural recovery (i.e. postural reflexes; reviewed in Smith & Curthoys, 1989) after vestibular lesion. To date, however, the neural mechanisms by which the perception of self-motion recovers following vestibular loss are not understood.
Rotational direction-discrimination thresholds in patients worsen to ß20 deg s −1 in the first days after unilateral vestibular loss for movements towards the affected side (Cutfield et al. 2011) , and then show recovery but remain elevated after 1-2 months (Cousins et al. 2013) . Accordingly, we hypothesized that neuronal detection thresholds for vestibular as well as extravestibular cues may change in parallel with improvements in vestibular perception. To test this, we recorded from the neurons at the first central stage of vestibular processing, which are thought to be essential for computation of spatial orientation as well as self-motion perception based on their reciprocal interconnections with the cerebellum and projections to the thalamus (reviewed in Cullen, 2012) .
We found that, immediately following the lesion, neuronal detection thresholds substantially increased and never fully recovered. Notably, the time course and extent of improvement were comparable to those reported for rotational direction-discrimination thresholds in patients following unilateral vestibular loss (Cutfield et al. 2011; Cousins et al. 2013) , thereby providing a neural correlate for the observed impaired behavioural performance. Further analysis revealed that, while vestibular sensitivities increased to normal levels within the first month, this modulation increase was accompanied by a corresponding increase in response variability, resulting in a sustained increment in neuronal detection thresholds. Strikingly, however, we also discovered that in a subset of neurons, extravestibular proprioceptive signals, which are up-weighted during compensation (Sadeghi et al. 2010 (Sadeghi et al. , 2011 , act synergistically with the vestibular input to bolster the detection of head rotations on the body. Thus, taken together, our results show that (1) the mechanism underlying compensation is constrained by parallel changes in neuronal response sensitivity and variability, and (2) sensory substitution with extravestibular input can potentially lead to beneficial and enduring changes in self-motion processing. These findings support the proposal that rehabilitation approaches that engage this multimodal convergence are probably most effective in improving functional recovery.
Methods

Subjects and surgical preparation
All procedures were approved by both the McGill University Animal Care Committee and the Johns Hopkins University Animal Care and Use Committee, and were in accordance with Canadian Council on Animal Care and National Institutes of Health guidelines. Two rhesus monkeys (Macaca mulatta) were each implanted with a stainless steel post for head immobilization, a stainless steel recording chamber for access to the vestibular nuclei, and an eye coil. Surgical techniques and procedures were similar to those described in our previous study (Sadeghi et al. 2007b ). Preoperatively and every 2.5-3 h during surgery, animals were injected with the anticholinergic glycopyrrolate (0.005 mg kg −1 I.M.) to stabilize heart rate and to reduce salivation. Animals were then pre-anaesthetized using ketamine hydrochloride (15 mg kg −1 I.M.). Finally, buprenorphine (0.01 mg kg −1 I.M.) and diazepam (1 mg kg −1 I.M.) were injected as an analgesic and as a muscle relaxant, respectively. To reduce swelling and prevent infection, loading doses of dexamethasone (1 mg kg −1 I.M.) and cefazolin (50 mg kg −1 I.V.) were administered, respectively. Surgical levels of anaesthesia were then achieved using isoflurane gas, maintained at 0.8-1.5%, together with a minimum 3 l min −1 (dose adjusted to effect) of 100% oxygen. Heart rate, blood pressure, respiration and body temperature were monitored throughout the procedure.
Following the implant surgery, dexamethasone (0.5 mg kg −1 I.M.) administration was continued for 4 days. Animals were also injected with buprenorphine (0.01 mg kg −1 I.M.) for postoperative analgesia (every 12 h for 2-5 days, depending on the animal's pain level), and anafen (2 mg kg −1 and then 1 mg kg −1 on subsequent days) as an anti-inflammatory. In addition, cefazolin (25 mg kg −1 I.M.) was injected twice daily for 10 days to prevent infection. Animals were given at least 2 weeks to recuperate from the surgery before any experiments began. Recordings were made following a brief training period in which monkeys were conditioned to fixate visual targets for juice reward.
Additional recordings were performed after unilateral labyrinthectomy (up to 2 months post-lesion), in which the three semicircular canal ampullae, the utricle and saccule, and the distal ends of ampullary nerve branches were removed as described previously (Sadeghi et al. 2006) . Briefly, under general anaesthesia as described above, a postauricular incision was made and the mastoid bone was removed to expose the horizontal and posterior semicircular canals. The petrous bone was removed further anteriorly and superiorly to visualize the superior canal near its union with the common crus. Each of the semicircular canals then was obliterated with removal of the ampullae. The vestibule was entered, and the utricle and saccule were removed. The internal auditory canal was opened next, and the distal ends of the ampullary nerve branches were removed. The space created by the labyrinthectomy was packed with muscle and fascia and the postauricular incision was closed. Following the procedure, monkeys again received the postoperative analgesia and antibiotic treatments described above.
Experimental design and data acquisition
Monkeys were initially head-restrained and seated on an earth-vertical axis motion turntable, located within a 1 m 3 magnetic field coil (CNC Engineering, Enfield, CT, USA). A visual target (HeNe laser) was projected on to a cylindrical screen located 60 cm away from the monkey's head. Turntable and target velocity were controlled by a QNX-based real-time data acquisition system (REX; Hayes et al. 1982) . Standard extracellular recording approaches were used to characterize the sensitivities, thresholds and variability of single vestibular nuclei neuron responses to passively applied vestibular and neck stimulation. We specifically focused on a subclass of vestibular nuclei neurons termed vestibular-only (VO) neurons that respond to rotational vestibular stimulation but are insensitive to eye movements (Roy & Cullen, 2001b , as these neurons are thought to be involved in the computation of spatial orientation as well as the regulation of gait and posture (reviewed in Cullen, 2012) .
First, to characterize VO neurons, head-restrained monkeys were rotated (0.5 Hz, ±40 deg s −1 peak velocity) about the earth-vertical axis to identify neurons responding to passive horizontal whole-body rotation. Next, to confirm each neuron's insensitivity to eye movements, its activity was recorded while the head-restrained monkey made saccadic and smooth pursuit eye movements to track a visual target stepped between horizontal positions (up to ±30 deg) or moved sinusoidally (0.5 Hz, peak velocity ±40 deg s −1 ), respectively. In addition, neuronal responses were recorded in a third paradigm where the monkey fixated a head-stationary visual target during whole body rotation (VOR cancellation). Neuronal responses were comparable (P = 0.51) to those evoked when the VOR was not cancelled further confirming each neuron's insensitivity to eye movements.
Next, to test neuronal thresholds, three stimulation protocols were applied in total darkness: (1) passive whole-body rotations (i.e. vestibular stimulation; 0.5 Hz, ±40 deg s −1 peak velocity) were applied using the vestibular turntable as in the initial neuron characterization above; (2) passive body-under-head rotations (i.e. proprioceptive stimulation; 0.5 Hz, ±40 deg s −1 and ±80 deg s −1 ) were applied by rotating the monkey using the turntable while its head was held stationary in space; and (3) passive head-on-body rotations (i.e. combined vestibular and proprioceptive stimulation; 0.5 Hz, ±40 deg s −1 ) were applied using a torque motor (Kollmorgen, Richmond, ON, Canada) that was attached to the head (Huterer & Cullen, 2002; Sadeghi et al. 2006 Sadeghi et al. , 2007a Sadeghi et al. ,b, 2009 ). All analyses were performed using a minimum of five cycles of rotation.
Data acquisition
Extracellular, single-unit recordings were made with enamel-insulated tungsten microelectrodes (7-10 M impedance; Frederick Haer, Bowdoin, ME, USA), the depths of which were controlled with a hydraulic microdrive (Narishige, East Meadow, NY, USA or Tokyo, Japan). Neurons were first identified in the abducens J Physiol 592.7 nucleus based on their typical discharge pattern during spontaneous eye movements (Robinson, 1970; Sylvestre & Cullen, 1999) . The medial and lateral vestibular nuclei were then located lateral and posterior to abducens. In the present study, we focus on VO neurons that were recorded in the contralesional vestibular nuclei. Consistent with previous characterizations, these neurons respond only to vestibular stimulation and are insensitive to eye movements (Roy & Cullen, 2001b , Sadeghi et al. 2011 . VO neurons were then further classified as either type I or type II, based on whether they responded to ipsilaterally or contralaterally directed motion, respectively.
Head and gaze position were acquired using the magnetic search coil technique (Fuchs & Robinson, 1966 , Judge et al. 1980 , and turntable velocity was measured by an angular velocity sensor (Watson Industries, Eau Claire, WI, USA). All behavioural signals were low-pass filtered at 250 Hz, and recorded with the measured extracellular potential on DAT tape for later playback. During playback, action potentials were discriminated by a windowing circuit (BAK Electronics, Inc., Sanford, FL, USA) that was manually set to generate a pulse at the rising phase of each spike. All signals were digitally sampled at 1 kHz.
Recordings were collected from each animal before (normal), and then 15-28 h following labyrinthectomy (day 1). Additional recordings were obtained on a weekly basis up to 2 months post-lesion.
Data analysis
Basic characterization
Neuronal spike trains and behavioural data were imported into the Matlab (The MathWorks, Natick, MA, USA) programming environment. Head and gaze position signals were digitally low-pass filtered at 125 Hz with zero phase distortion using a 51st order finite impulse response filter with a Hamming window. Eye position was then computed as the difference between head and gaze position. Eye, head and gaze velocities were obtained by digitally differentiating position signals. Finally, representations of instantaneous firing rate were computed either by (1) convolving a Kaiser window with the spike train (cut-off frequency 0.1 Hz above stimulus frequency; Cherif et al. 2008; Jamali et al. 2009 Jamali et al. , 2013 , or (2) using the reciprocal of the interspike interval (Yu et al. 2012; Jamali et al. 2013) . For the latter approach, the inverse of the difference between the timestamps of two consecutive spikes was used to represent firing rate at the time point mid-way between the two.
Neuronal responses during all three conditions (i.e. vestibular stimulation, neck proprioceptive stimulation, and combined stimulation) were characterized using a least-squares regression analysis in which firing rate was estimated as:
where b i is a bias term, S i is the neuron's firing rate sensitivity [(spk s -1 )/(deg s -1 )], V i is the stimulation velocity and T i represents the neuron's optimal phase shift computed relative to angular velocity, for whole-body rotations (i = 1), body-under-head rotations (i = 2), and head-on-body rotations (i = 3). Note that for body-under-head rotations, neurons with sensitivity greater than 0.1 were used to determine neck proprioception detection thresholds (see below). Sensitivity to combined vestibular and proprioceptive stimulation (S 3 ) during head-on-body rotation was estimated as the response to head-on-body velocity, and compared to the linear summation of the sensitivities to vestibular (S 1 ) and neck proprioceptive (S 2 ) stimulation. For each least-squares regression analysis, the goodness of fit of a given estimate was quantified by computing the variance accounted for: VAF = 1-[var(fr -fr)/var(fr)] (Cullen et al. 1996) , where fr is the estimated firing rate and fr represents the measured firing rate.
Variability
For a given neuron, the rotational stimulus was shifted by the neuron's estimated phase, and instantaneous firing rate was plotted as a function of the shifted stimulus velocity ( Fig. 1A) . We then computed the mean (μ) and standard deviation (σ) of the distribution of firing rates for each rotational velocity in bins of 2 deg s −1 .
Unless otherwise noted, reported response variabilities correspond to the standard deviation of a given neuron's firing rate distribution at velocity zero [σ(0) in Fig. 1A ]. Normalized variabilities were scaled according to each neuron's mean firing rate at velocity zero.
Detection thresholds
We calculated the degree of overlap between the firing rate distribution at velocity I with that at velocity 0 as d from signal detection theory (Green & Swets, 1966) :
Because d was found to vary linearly with the magnitude of rotational velocity, we fit the data with a line and determined each neuron's detection threshold for a given condition as the rotational velocity at which d = 1 ( Fig. 1B ; Snippe & Koenderink, 1992) . We emphasize that we use the term 'detection threshold' for our neuronal thresholds as we determined the smallest change in the angular velocity that gives rise to a noticeable change in the firing rate distribution. In contrast, in the two previous studies that measured perceptual thresholds in vestibular patients (i.e. Cutfield et al. 2011; Cousins et al. 2013) subjects discriminated whole body leftward from rightward motion. Accordingly, throughout the paper we use the term direction-discrimination threshold (equivalently referred to as the direction-recognition threshold by Chaudhuri et al. 2013) for the perceptual thresholds measured in these behavioural studies.
Statistics
Statistical significance was determined using paired or unpaired Student's t tests as well as analysis of variance (i.e. one-way ANOVA). If a significant difference between group means was found using ANOVA, a post hoc Tukey test was performed to determine which groups differed from each other. Results are reported (and plotted) as means ± S.E.M. and the level of statistical significance was set at P < 0.05 unless otherwise stated.
Results
To understand the brain's ability to re-establish network function after vestibular loss requires not only an assessment of the recovery of neuronal response sensitivities but also the determination of whether the observed changes lead to improvements in neural detection thresholds, which are a measure of signal-to-noise. We begin by considering the linkage between changes in neuronal vestibular sensitivities and detection thresholds after unilateral labyrinthectomy for neurons at the first central stage of processing. Note that, while sensitivity simply measures the depth of a neuron's response to a given stimulus, threshold measurements take into account both a neuron's responsiveness and the variability of its response. We then determine whether changes in response variability and sensitivity constrain improvements in the ability of neurons to discriminate between stimuli. Finally, we address whether the extravestibular responses present following vestibular loss (but not before lesion) improve neural detection thresholds.
Vestibular detection thresholds
We directly measured the signals encoded at the first central stage of vestibular processing (the vestibular nuclei). Specifically, we recorded single-unit responses from individual VO neurons, which receive a strong monosynaptic drive from the ipsilateral VIII nerve and, in turn, project to the spinal cord (Wilson et al. 1990; Boyle, 1993; Boyle et al. 1996; as well as to higher centres such as the thalamus and cortex (Meng et al. 2007; Marlinski & McCrea, 2008a,b) . These neurons can be easily identified by their characteristic responses: increase in firing rate during ipsilaterally directed (type I, n = 91) or contralaterally directed (type II, n = 88) head rotations, and insensitivity to eye movements.
We first quantified the neuronal sensitivities to passive vestibular stimulation before and after unilateral labyrinthectomy. Figure 2Aa shows the responses of six representative VO neurons to sinusoidal whole body rotations (0.5 Hz, 40 deg s -1 ). On average, across our population of neurons, sensitivities were comparable for both groups of neurons before labyrinthectomy ß0.6 (spk s -1 )/(deg s -1 ) [P = 0.30; vestibular sensitivities = 0.5 and 0.7 (spk s -1 )/(deg s -1 ) for the example type I and II neuron shown in Fig. 2Aa , respectively]. Immediately following the lesion (Fig. 2Aa , day 1) both groups of neurons showed decreased sensitivities to vestibular stimulation [0.30 and 0.16 (spk s -1 )/(deg s -1 ), for example type I and II neurons, respectively], consistent with the circuitry of the vestibular nuclei as well as our previous findings (Sadeghi et al. 2011) . This is because both groups of neurons lost the vestibular input that they normally received from the lesioned nerve; for type II neurons, this input is a direct commissural connection, whereas for type I neurons it is mediated mostly via type II neurons (Shimazu & Precht, 1966; Malinvaud et al. 2010) . Importantly, a few weeks after the lesion the responses of type I neurons showed marked improvement; the example type I neuron ( Fig. 2Aa , top row, day 28) was typical in that its sensitivity approached normal, pre-lesion values [0.42 (spk s -1 )/(deg s -1 )]. In contrast, the response of type II neurons remained reduced even 4 weeks after lesion, as illustrated for the example neuron [Fig. 2Aa , bottom row, day 28; 0.23 (spk s -1 )/(deg s -1 )]. Figure 2Ab summarizes the average neuronal sensitivities before and at different time points after labyrinthectomy for type I and II neurons. Immediately after labyrinthectomy, the response sensitivities were significantly (ß70%, P < 0.001) reduced from ß0.60 to ß0.20 (spk s -1 )/(deg s -1 ) for both groups of neurons. While type I and type II neuronal sensitivities were similar before (P = 0.30) and immediately after (P = 0.31) labyrinthectomy, they diverged during the course of compensation (P = 0.03, week 1; P = 0.04, weeks 2-3; P < 0.001, week 3 and after). Notably, the average sensitivity of type I neurons significantly increased over the recovery period (ANOVA; Tukey test; P < 0.05) reaching normal values within 4 weeks (P = 0.81). In contrast, the average sensitivity of type II neurons did not show significant improvement (ANOVA, P = 0.40) over this same period. Note, similar results were obtained for firing rate estimated using either Kaiser (above) or 1/ISI methods.
We next investigated whether and how neuronal thresholds changed over the course of compensation following vestibular lesion. Neuronal detection thresholds are determined by both a neuron's sensitivity and its trial-to-trial variability. If there is no change in neuronal response variability after the lesion, then one would expect that the change in detection thresholds following the lesion would mirror the changes in sensitivity reported above in Fig. 2Ab . On the other hand, if neuronal response variability increases after the lesion, then detection thresholds would be adversely affected. To assess these two possibilities, we used signal detection theory to compute the thresholds of single neurons. We first determined the threshold of each individual neuron by plotting its time-dependent firing rate as a function of rotational
Figure 2. Detection thresholds of vestibular input
A, example of type I and type II VO responses (Aa) before, immediately following, and 4 weeks after contralateral labyrinthectomy and population summary (Ab) of the changes in vestibular sensitivity of type I (solid) and type II (dashed) VO neurons. Comparable sensitivities were also measured when firing rates were estimated either using the Kaiser filter (black lines) or inverse interspike interval method (red lines). Note that the grey area in (Aa) represents the actual firing rate while the overlaying black trace illustrates the 'estimated' firing rate obtained using eqn (1). B, summary of the vestibular detection thresholds of type I (solid) and type II (dashed) VO neurons before and throughout the time course of recovery following unilateral labyrinthectomy using either a Kaiser filter (black lines) or the inverse interspike interval (inset: red lines) to estimate firing rate. FR, firing rate; VO, vestibular-only. Error bars indicate S.E.M. velocity and defining the detection threshold as the lowest absolute velocity value for which d = 1 (see Fig. 1B in Methods). Time-dependent firing rates were estimated using either a Kaiser filter or reciprocal ISI as these two measures could be viewed as representations of firing rate at two opposite ends of the spectrum: (1) extensive filtering using a Kaiser window, and (2) no filtering by using inverse interspike interval (Methods). Figure 2B summarizes the detection thresholds computed for our population of type I and type II neurons in intact monkeys, and at multiple time points during the first month after unilateral labyrinthectomy. Using the Kaiser filter to estimate firing rate, we found that the average detection thresholds of type I and II neurons before the lesion were both approximately 13 deg s −1 (13.9 ± 1.2 and 13.2 ± 1.1 deg s −1 , respectively) consistent with previous reports (Massot et al. 2011 ). Furthermore, as expected based on neuronal sensitivities, average detection thresholds for both groups of neurons significantly (P < 0.01) increased on the first day following unilateral labyrinthectomy (29.4 ± 4.8 deg s −1 and 34.3 ± 4.3 deg s −1 for type I and type II neurons, respectively). Qualitatively similar results were found when we used the inverse interspike interval to compute an estimate of firing rate (inset: detection thresholds of 29.7 ± 2.8 deg s −1 and 27.8 ± 5.4 deg s −1 pre-lesion versus 41.3 ± 7.3 deg s −1 and 57.3 ± 13.3 on day 1 for type I and type II neurons, respectively).
Strikingly, we found that average vestibular detection thresholds for both type I and type II VO neurons did not improve over time but instead remained relatively consistent at these elevated values even more than 3 weeks after unilateral labyrinthectomy (24.4 ± 3.6 and 27.8 ± 2.8 deg s −1 using the Kaiser filter estimate and 40.4 ± 3.5 and 48.3 ± 5.4 deg s −1 using the reciprocal ISI estimate for type I and type II VOs, respectively). This trend is similar to that previously reported for self-motion perceptual thresholds in patients (Cousins et al. 2013, see Discussion) . The lack of improvement in neuronal detection thresholds of type I neurons contrasts strongly, however, with their improved response sensitivity over the same period. Thus, based on this finding we predicted that improvements in response sensitivity after the lesion are accompanied by corresponding increases in neuronal response variability.
Impact of neuronal variability on vestibular detection thresholds during compensation
So far, we have shown that the increase in neuronal detection thresholds observed immediately following labyrinthectomy persisted over the weeks that followed. The fact that type I neurons showed an increase in sensitivity but constant detection threshold suggests increased trial-to-trial variability is also a feature of the compensation process. In comparison, our results suggest that type II neurons, with persistently lowered sensitivities and correspondingly enhanced thresholds, would not exhibit the same increase in trial-to-trial variability. To test these proposals, we examined the response variability of type I and type II VO neurons to repeated whole body rotations to explore the correlation between neuronal sensitivity and variability after vestibular peripheral loss. Figure 3A plots the firing rate as a function of head velocity for example type I (left) and type II (right) neurons that showed typical responses for the time frames in which they were recorded: either before (grey curves) or 4 weeks following unilateral labyrinthectomy (blue curves). Interestingly, while the curves for the two examples of type I neurons (Fig. 3A , left) have similar slopes (consistent with the recovery of vestibular sensitivity in type I neurons after unilateral labyrinthectomy), the trial-to-trial variability of the example neuron recorded 4 weeks after vestibular loss was higher; the distribution of firing rates was broader following compensation than before lesion. In contrast, the type II neuron recorded on day 28 (Fig. 3A , right panel, blue curve) was typical in that its sensitivity was lower (compare slopes), and its trial-to-trial variability in the firing rate was similar to that of the example type II neuron recorded pre-lesion (grey curve).
These trends in the trial-to-trial variability of type I versus type II neurons were consistent for our population of cells (Fig. 3B ). For both groups of neurons, the average firing rate variability before the lesion was ß10 spk s −1 during whole body rotations (Fig. 3B, black curves) . For type I neurons, increased response variability was observed over the course of compensation, up to ß19 spk s −1 (Fig. 3B , solid curves). Type II neurons, in contrast, continued to exhibit equivalent firing rate variability immediately after unilateral labyrinthectomy and throughout the course of vestibular recovery (Fig. 3B, dotted curves) , paralleling their consistent sensitivities throughout compensation. Qualitatively similar results were observed using the inverse interspike interval estimation of firing rate (Fig. 3B, inset) . Thus, our results show that the improved vestibular sensitivity of type I neurons over the course of vestibular compensation was accompanied by a parallel increase in trial-to-trial variability; and, consequently, neuronal thresholds remained consistently elevated. In contrast, the trial-to-trial response variability of type II neurons remained relatively constant before and after the lesion, and thus consistently elevated neuronal thresholds paralleled the lack of recovery of vestibular sensitivity.
In the analysis above, we determined that the firing rate variability of type I neurons during vestibular stimulation increased and remained elevated after the lesion. Specifically, we calculated the trial-to-trial variability of responses to sinusoidal stimulation by measuring the standard deviation of the firing rate when stimulation velocity crossed 0 deg s −1 [σ(0) in Fig. 1A ]. We next explored whether trial-to-trial response variability was constant or instead depended on the specific velocity at which this measurement was computed. The variability of the time-dependent firing rate was measured for three velocities (+20 deg s −1 , 0 deg s −1 and −20 deg s −1 ) for each type I neuron in the population. Figure 4 illustrates that there was no difference in trial-to-trial firing rate variability as a function of velocity (P > 0.1: paired t test with Bonferroni correction). Response variabilities at each velocity similarly increased as a function recovery time. In addition, to rule out the possibility that the changes in variability of type I firing rates might reflect the previously reported results that these neurons tend to have lower baseline firing rates immediately following unilateral labyrinthectomy (Sadeghi et al. 2011) , we divided each neuron's variability by its mean firing rate at velocity zero. As shown in the inset of Fig. 4 , normalized variability measures exhibit the same trend across time as the variability results shown for type I neurons in Fig. 3B . The same was true for type II neurons (data not shown). Thus, response variabilities computed at velocity zero ( Fig. 3B and solid black curve in Fig. 4 ) provided a robust estimate of firing rate variability and are used in all subsequent results.
Detection thresholds of neck proprioceptive inputs
The results shown above demonstrate that while neuronal sensitivities to vestibular stimulation recovered following unilateral peripheral loss, neuronal thresholds remained elevated after the lesion. However, these findings consider the vestibular nuclei as a unimodal structure, as changes in neuronal sensitivities and behavioural performance were only characterized for vestibular stimulation. Indeed, recent studies have demonstrated sensory substitution with extravestibular input (i.e. proprioception) at this first central stage of processing, immediately after vestibular loss (Sadeghi et al. 2010 (Sadeghi et al. , 2011 (Sadeghi et al. , 2012 . Specifically, in natural conditions, the brain has access to proprioceptive as well as vestibular information during self-motion. If neuronal responses to this additional sensory input increase modulation during self-motion, then we might see changes in neuronal thresholds.
To test whether the additional input provided by neck proprioceptors could potentially alter neuronal thresholds for self-motion, we first recorded from single neurons before and after the lesion during a paradigm in which proprioceptive stimulation was delivered in isolation (body-under-head rotation; see Methods). Figure 5Aa illustrates the responses recorded from three example VO neurons while we sinusoidally rotated the monkey's body beneath its earth-stationary head. As previously shown by Cullen (2001a, 2004) , all VO neurons were unresponsive to passive stimulation of neck proprioceptors before labyrinthectomy. In contrast, immediately following labyrinthectomy, ß40% of type I and II neurons (13 of 34) showed robust modulation [i.e. sensitivity greater than 0.1 (spk s −1 )/(deg s −1 )]. Moreover, by day 28, >70% of neurons (23 of 30) were sensitive to neck proprioceptive stimulation. Figure 5Ab shows the average neck proprioceptive sensitivities as a function of time for our samples of type I and type II neurons. Notably, neck sensitivities peaked just after labyrinthectomy and remained elevated. We next estimated the detection thresholds of the neck responsive neurons during proprioceptive stimuli delivered in isolation. We found that neuronal thresholds for proprioceptive stimulation remained constant at ß30 deg s −1 for both type I and II neurons (Fig. 5B ). Interestingly, this value is comparable to neuronal motion detection thresholds for vestibular stimulation after unilateral vestibular loss (i.e. Fig. 2B ). Because both neuronal sensitivities and thresholds measured during proprioceptive stimulation remained constant during compensation, we predicted that neuronal trial-to-trial variability should likewise remain constant over the same period. Indeed, our results show that the neuronal firing rate variability during neck proprioceptive stimulation remained constant at ß8 spk s −1 across time for both type I and type II neurons (Fig. 5C ). Finally, comparison of results using the inverse interspike interval to estimate firing rate revealed comparable trends for neuronal sensitivities, detection thresholds and response variability to those obtained here using the Kaiser filter based estimate ( Fig. 5Ab and insets in Fig. 5B and C respectively) .
Sensory integration in the recovery of neural detection thresholds
As described above, we observed sensory substitution with proprioceptive input after the strength of the vestibular sensory input was reduced by unilateral labyrinthectomy. As such, we hypothesized that neck proprioception may play a role in self-motion perception when vestibular input is reduced because of unilateral vestibular lesion. Accordingly, we next measured neuronal responses during passive head-on-body rotations in which movement of the head relative to space stimulated the vestibular sensors while rotation of the head relative to the body activated proprioceptors in the neck musculature (Fig. 6A, right  column) . For the purpose of this analysis, type I and II neurons were considered collectively because they encoded similar neck signals over the course of compensation (Fig. 5) .
Two example neurons are shown in Fig. 6A . To quantify neuronal detection thresholds when both vestibular and proprioception cues were available, we first considered neurons with complementary responses to these stimuli when each was applied in isolation (i.e. agonistic neurons, Fig. 6A ). If integration of a given neuron's responses for the two modalities (e.g. Fig. 6A , left and centre columns) is performed by a simple linear summation of unisensory activity, then matching multimodal stimuli should elicit greater modulation. Consistent with the previous report of Sadeghi et al. (2011) , linear summation provided an excellent prediction (Fig. 6A, right column, top grey row; red dashed line, VAF = 0.73) of response sensitivity during combined stimulation, which was comparable to the actual best fit (thick black line, VAF = 0.76). We further tested whether the increase in modulation was associated with an improvement in neuronal detection thresholds in the combined condition. Indeed, threshold values were significantly improved for synchronous stimulation with vestibular and proprioception cues as compared to the application of vestibular stimulation alone for both Kaiser (P = 0.048) and reciprocal ISI (P = 0.01) firing rate estimation methods (Fig. 6B , compare grey bars with dashed lines).
We next considered neurons with opposing responses to the two stimuli (i.e. antagonistic neurons: Fig. 6A , bottom grey row; compare left and centre columns). In this case, simple linear summation of unisensory activity predicted reduced modulation for matching multimodal stimulation -a prediction again confirmed by the similarity of the predicted response and actual best fit (Fig. 6A , right column, bottom grey row; compare red dashed and thick black lines, VAF = 0.84 versus 0.85, respectively). This led us to hypothesize that antagonistic neurons might have correspondingly worse (i.e. elevated) detection thresholds in the combined condition, as compared to the condition in which vestibular input was applied alone. Indeed, we found that neuronal detection thresholds were higher during combined than vestibular stimulation alone (Fig. 6B , compare white bars with dashed lines). This difference was significant when the firing rate was estimated with the Kaiser method (P = 0.01), but not when the more noisy reciprocal ISI method was used (P = 0.12). Taken together, our results show that a distinct subclass of neurons, which have complementary neck proprioceptive and vestibular responses, show improvements in detection thresholds during combined as compared to VO stimulation. The implications of these results for the functional recovery of patients are discussed below.
Discussion
In the present study, we investigated the changes in neural thresholds that occur following unilateral vestibular loss. The ability to distinguish between leftward/rightward motion (as quantified by direction-discrimination thresholds) is significantly compromised in patients immediately after vestibular loss (Cutfield et al. 2011) , and remains substandard even following compensation While vestibular-only neurons recorded from intact animals were not responsive, ß40% and >70% of neurons recorded immediately and 4 weeks following lesion showed clear modulation, respectively. B and C, average detection thresholds (B), and response variability (C) during neck proprioceptive stimulation of neck sensitive type I (solid) and type II (dashed) neurons using a Kaiser filter (black lines) or the inverse interspike interval (insets: red lines) to estimate firing rate. Note that the variability of the response during the normal condition (where there is no modulation) was comparable to that observed in the driven state following vestibular lesion. FR, firing rate. (Cousins et al. 2013) . Here, we quantified the neural basis of the elevation of detection thresholds after unilateral vestibular loss by recording from individual neurons in rhesus monkeys. We focused on neurons at the first central stage of vestibular processing, which receive input from vestibular afferents and in turn contribute to the computation of spatial orientation as well as self-motion perception through their interconnections with the vestibular thalamus and cerebellum. We first found that both type I and type II neuronal detection thresholds for vestibular stimulation show a marked (ß120%) increase immediately following vestibular loss. Furthermore, neuronal thresholds showed no significant improvement (84% elevated relative to control values >1 month). We then found that for type I neurons, the lack of improvement in neuronal detection thresholds, despite recovery of neuronal sensitivity, could be explained by the strong correlation between increases in response sensitivity and response variability during compensation. For type II neurons, however, thresholds, which increase with the drop in sensitivity immediately following labyrinthectomy, remain elevated due to no further significant change in sensitivity or variability during the time course of compensation. Overall, the observed trend for neuronal thresholds mirrors the time course of perceptual thresholds in patients (Cousins et al. 2013) , and thus provides a neural correlate for the sustained impaired behavioural performance following vestibular lesion.
In addition, we found that extravestibular proprioceptive signals that are unmasked during compensation (i.e. the synapses of proprioceptive inputs onto vestibular nuclei neurons were silent before the lesion but became responsive to neck stimulation after the lesion; see Sadeghi et al. 2010 Sadeghi et al. , 2011 Sadeghi et al. , 2012 can improve thresholds for self-motion detection at the level of individual neurons. Notably, the unmasking of neck proprioceptive inputs produced a relative improvement in threshold for neurons with complementary sensitivities to vestibular and neck proprioceptive stimulation for motion that was generated by rotations of the head on body (rather than head and body together in space). These results provide a neural correlate for the patient benefits provided by rehabilitative strategies incorporating movements that produce multimodal (i.e. combined vestibular and proprioceptive) stimulation. Taken together, our data show that improvements in self-motion detection following vestibular loss can be enhanced by the reweighting of extravestibular inputs, but are ultimately constrained by increases in response variability to vestibular inputs at the level of the first central stage of vestibular processing.
Neuronal thresholds show less recovery than response sensitivities after vestibular loss
The neurons recorded in the present study are known to respond robustly to head motion in normal conditions (Fuchs & Kimm, 1975; Chubb et al. 1984; Scudder & Fuchs, 1992; Boyle et al. 1996; McCrea et al. 1999; Cullen et al. 2001; Zhou et al. 2006 ). Previous reports have further shown that neuronal sensitivities to vestibular inputs in monkeys decrease immediately following unilateral vestibular loss (Sadeghi et al. 2011 ). Furthermore, as confirmed in the present report, the sensitivities of type I neurons recover within a few weeks, reaching values that are close to those measured before the lesion (Sadeghi et al. 2011; Newlands & Wei, 2013) .
In conditions where vestibular function is intact, these same neurons have rotational detection thresholds on the order of ß15 deg s −1 when computed with an optimal Kaiser filter (Massot et al. 2011 ). In the present study we found that the rotational detection thresholds increased by approximately two-fold to ß30 deg s −1 following unilateral labyrinthectomy, but (unlike neuronal sensitivities) did not significantly improve over time. We used a Kaiser filter to obtain a lower bound estimate of neuronal thresholds (see also Yu et al. 2012; Jamali et al. 2013) , but emphasize that a comparable percentage increase in rotational detection threshold was also computed using the 1/ISI representation of neuronal firing rate (84% vs. 66% following compensation for Kaiser and 1/ISI, respectively).
Time course of neuronal detection thresholds versus functional recovery
The vestibular nuclei neurons that were the focus of the present study receive inputs from the vestibular nerve and, in turn, mediate vestibulospinal reflexes via their projections to the spinal cord (Wilson et al. 1990; Boyle, 1993; Boyle et al. 1996; . These neurons also project to higher-order centres such as the thalamus and cortex (Meng et al. 2007; Marlinski & McCrea, 2008a,b) , and are thought to carry information relevant for perception of self-motion and spatial orientation. Changes in the vestibular sensitivities of these neurons parallel the functional recovery of the efficacy of vestibulospinal reflexes following unilateral vestibular loss (reviewed in Smith & Curthoys, 1989) . In contrast, the results of the present study reveal a markedly different trend in neuronal detection thresholds. We found that while neuronal detection thresholds also worsen immediately following the lesion, they show little improvement during compensation (i.e. 1-2 months after lesion). A question then naturally arises: Why should reflexes correlate better with sensitivity rather than neuronal thresholds? We note that the efficacy of reflexes is typically characterized using suprathreshold stimuli and thus is probably less affected by the variability in the sensory neurons' responses. Importantly, however, we would expect that the threshold of vestibular reflexes (e.g. as measured in Seemungal et al. 2004; Haburcakova et al. 2012 ) would be affected by neuronal variability and thus remain worse than normal after a vestibular lesion. Interestingly, in a recent report, Cousins et al. (2013) showed that both VOR thresholds and perceptual thresholds increase after a unilateral vestibular lesion, and despite some slight recovery remain elevated even after ß10 weeks. Further work is needed to understand the effect of the increased variability observed in the present study on perceptual versus reflex thresholds.
The time course of neuronal thresholds is analogous to the trend reported for patients' perception (Cousins et al. 2013) . Specifically, patients' perceptual thresholds for rotation increase from ß8 deg s −1 to ß20 deg s −1 immediately (i.e. within 1-2 days) following loss of vestibular function (Cutfield et al. 2011 ) and do not recover to near-normal values even after 10 weeks (Cousins et al. 2013) . We note that Cousins et al. (2013) reported significant improvements (i.e. lower thresholds) over the course of recovery for a subset of patients, but that these individuals had minimal canal paresis, indicating that their peripheral vestibular input was still largely intact. Moreover, patients with severe unilateral vestibular loss can show limitations in other aspects of their functional recovery (e.g. impaired VOR and subjective visual vertical perception; reviewed in Dutia, 2010) . Further experiments will be required to investigate fully the relationship between the level of injury and the extent of compensation. We speculate that the increase in neuronal firing rate variability, which occurs during compensation and in turn accounts for the lack of improvement of detection thresholds, may ultimately also have effects on the accuracy of other vestibular-dependent behaviours.
Functional implications of neuronal response variability
Variability of neuronal spiking activity is an important factor in neural coding (Stein et al. 2005; McDonnell & Ward, 2011) . There is accumulating evidence that neural variability should be taken into account to fully understand neural coding strategies in early sensory processing (e.g. Chacron et al. 2005; Sadeghi et al. 2007a) . We have recently shown a strong positive correlation between vestibular afferent sensitivity and variability in the otolith system (Jamali et al. 2013) . Specifically, in the stimulated condition the ratio of these two quantities (i.e. response variability/sensitivity, which corresponds to the neuronal threshold), remains approximately constant. It is noteworthy that correlations between response variability and sensitivity are not unique to the otolith system. For instance they have been reported in other systems (e.g. auditory, Kiang et al. 1965; Tollin et al. 2008) and thus are probably a general feature of sensory processing.
Our present results indicate that following unilateral lesion of the labyrinth, both sensitivity and variability of responses to vestibular input increase. As we recently proposed for otolith afferents (Jamali et al. 2013 ), a source of noise corresponding to the 'sensory noise' and 'cellular noise' categories as described by Faisal et al. (2008) could contribute to the increases in neuronal variability of vestibular nuclei neurons observed following labyrinthectomy. This noise can originate from sensory transduction as well as from intrinsic properties (Smith & Goldberg, 1986; Kalluri et al. 2010) , and thus will become greater at the level of the vestibular nuclei after unilateral lesion because of the overall increased system gain. In addition, the unmasking of neck proprioceptive inputs may also serve as a source of noise. In particular, this newly substituted sensory input could potentially cause extra fluctuations in the cell membrane thereby contributing to larger firing rate variability. Additional studies will be needed to assess the extent to which each of these two potential noise sources contributes to increases in neuronal variability of vestibular nuclei neurons following labyrinthectomy.
Role of extravestibular inputs in vestibular-only rotational detection thresholds
It is generally accepted that sensory systems have evolved to accommodate the uncertainty of their inputs. This uncertainty is the result of the intrinsic physical properties of sensory stimuli (for example, statistical variations in photon arrival at the retina) as well as the noise inherent to the transformation of physical stimuli into neuro-nal activity (reviewed in Fetsch et al. 2013) . In everyday life, however, sensory stimuli are most commonly sensed with more than a single modality. Thus, to overcome the constraints of sensory uncertainty on behavioural performance, the brain can combine sensory information across modalities. For example, vestibulospinal reflexes are dependent on whether sensory feedback is congruent with the motor-generated expectation to balance the body (Luu et al. 2012) . Such multisensory cue integration is particularly vital when the fidelity of one sensory input has been compromised.
For instance, in the present study, neurons in the vestibular nuclei lost the afferent input that they normally receive from the lesioned nerve (i.e. via direct connections or indirect commissural connections between the two vestibular nuclei). The resulting loss of information triggers neuronal plasticity (e.g. homeostatic changes), which is, in part, reflected as an increase in the sensitivity to neck proprioceptive inputs (Sadeghi et al. 2010 (Sadeghi et al. , 2011 (Sadeghi et al. , 2012 . While the mechanism underlying the sensory substitution with proprioceptive input is not known, previous studies have shown that vestibular and proprioceptive inputs to vestibular nuclei neurons are mediated by AMPA and NMDA receptors, respectively (Smith et al. 1991; Straka & Dieringer, 2004) . We speculate that after the lesion, an increase in the number of AMPA but not NMDA receptors (King et al. 2002) enhances the co-localization of NMDA and AMPA receptors (Chen et al. 2000) , thereby resulting in activation of 'silent' NMDA synapses (Kerchner & Nicoll, 2008) .
Importantly, because of this sensory substitution, the brain has access to a pool of neurons (i.e. agonistic neurons, Fig. 7A ) for which multisensory integration leads to better detection of self-motion ( Fig. 7B ). Thus, sensory substitution at the earliest stages of vestibular processing and resultant multisensory interactions may be fundamental to augment our sense of self-motion after vestibular loss. Indeed, it has been shown that vestibular patients rely more strongly on proprioception to compensate for their injury (Betts et al. 2000; Peterka et al. 2011 ). In addition, while neck proprioceptive inputs play a negligible role in gaze stabilization in normal animals, their influence becomes significant following vestibular loss (Dichgans et al. 1973; Newlands et al. 1999) . Interestingly, Sadeghi et al. (2010 Sadeghi et al. ( , 2011 showed that unmasking of neck proprioceptive inputs at the level of individual neurons played a critical role in the early stages of vestibular compensation, demonstrated by the earlier and more significant recovery of vestibular responses for neurons sensitive to neck proprioception.
We further emphasize that while there is impressive compensation in the first month after unilateral vestibular loss, full compensation can require months or even years. The mechanisms underlying compensation are multifaceted; while activation of silent synapses (i.e. neck J Physiol 592.7 proprioceptive) provides a substrate for multisensory integration, it is only one aspect of functional recovery after vestibular lesion. Other documented mechanisms include changes in the synaptic efficacy or intrinsic excitability of vestibular neurons (Him and Dutia, 2001) as well as a shift in the proportion of phasic/tonic neuronal population (Beraneck & Idoux, 2012) . Finally, more global changes in oculomotor and postural strategies can facilitate recovery from vestibular loss (e.g. Peng et al. 2005; Horak, 2010) .
Our results provide a neural correlate for the observation that improvements in balance and selfmotion perception can be achieved by strategies that effectively incorporate multimodal (i.e. combined vestibular and proprioceptive) stimulation into rehabilitative training. For example, common rehabilitation procedures such as Cawthorne-Cooksey exercises involve head and body movements, as well as well as eye-head co-ordination and balance tasks to promote compensation (reviewed in Ricci et al. 2010) . Future experiments will be needed to further our understanding of the mechanisms that underlie the observed sensory substitution with extravestibular (i.e. proprioceptive) inputs in vestibular pathways following vestibular sensory loss.
